Solid oxide fuel cells (SOFCs) can, in principle, directly use hydrocarbon fuels. However, nickel-stabilized zirconia anode deteriorated rapidly under direct butane utilization due to carbon deposition. The cracking rate is faster, when carbon number is larger and straight chain is longer in methane, propane, i-butane and n-butane. However, microtubular SOFCs with nickelgadolinia doped ceria (Ni-GDC) anode can generate power continuously at 650°C over a period of 100 h in propane and butane, because the Ni-GDC has high catalytic activities of hydrocarbon reforming and carbon oxidation. The Ni-GDC is one of the desirable anodes for direct propane and butane utilization in SOFCs.
Introduction
Hydrocarbon fuels such as methane, propane and butane can be used in solid oxide fuel cells (SOFCs) via catalytic and electrochemical reaction during discharge.
However, hydrocarbon cracking occurs at high temperatures.
Steam reforming of hydrocarbons is generally applied with a steam/carbon (S/C) ratio greater than two in order to prevent carbon deposition. However, internal reforming of methane at S/C = 3 caused the degradation of Ni-YSZ anodes, because an excess steam oxidized nickel catalysts locally at a vicinity of interface between electrolyte and anode. 1) It is desirable to reduce the S/C ratio because the introduction of an excess amount of water causes a decrease in power generation efficiency and complicates the water supply systems. However, carbon can be deposited at a S/C ratio less than 1 in the equilibrium, which leads to anode deterioration due to the deactivation of electrode catalysts and the inhibition of fuel diffusion. 2) In the previous work, continuous power generation was successful for several hundreds of hours in methane at S/C = 0.03 and 1000°C in planar SOFCs using nickel-scandia stabilized zirconia (Ni-ScSZ) anode.
3) Furthermore, microtubular SOFCs using nickel-gadolinia doped ceria (Ni-GDC) anode can be operated continuously for more than 24 h in butane at S/C = 0.044 and 610°C. 4) For stable power generation under direct hydrocarbon utilization in SOFCs, the conditions such as operating temperature, S/C ratio, discharge current and anode thickness are very important. 21 ) demonstrated rapid start-up and power generation under direct butane utilization using microtubular SOFCs. Propane and butane, which are the main components of liquefied petroleum gas (LPG), are suitable for portable applications due to the fact that they can be liquefied easily. However, the composition of LPG varies depending on the products. In Japan, LPG in cylinders for residential use is mainly composed of propane, and that in cartridge for outdoor use is pure n-butane. In general, hydrogen is preliminarily produced from LPG by an external steam reformer for residential micro microcombined heat and power (CHP) fuel cell systems in order to prevent carbon deposition. However, portable SOFC systems are desirable to be operated only by using LPG, because water is difficultly used in disaster/emergency situation and for outdoor use. Therefore, it is important to understand the differences among methane, propane, i-butane and n-butane for direct hydrocarbon utilization in SOFCs at ultra-low S/C ratios under carbon deposition condition in equilibrium. In this study, durability tests were examined in the various hydrocarbon fuels using microtubular SOFCs supported on Ni-GDC anode substrate.
Experimental
Anode microtubes were constructed from 60 wt %NiO (Sumitomo metal mining)-40 wt %Ce 0.9 Gd 0.1 O 1.95 (GDC; Shinetsu Chemical) adding pore former (acrylic resin; Sekisui Plastic) and binder (Cellulose; Yuken Kogyo) powders. These powders were mixed with a kneading machine by adding an appropriate amount of water, and the anode microtubes were extruded using a piston cylinder. After extrusion, the tubes were dried overnight in air at room temperature. A slurry was prepared by mixing (Y 2 O 3 ) 0.08 (ZrO 2 ) 0.92 (YSZ; Tosoh), binder (polyvinyl butyral; Sekisui Chemical) dispersant (tallow propylene diamine, Kao) and plasticizer (dioctyl adipate; Wako Pure Chemical Industries) into ethanol and toluene solvents. The YSZ electrolyte was formed by dip-coating. The YSZ thin-film electrolyte and the NiO-GDC anode microtube were co-sintered in air for 4 h at 1400°C. The interlayer of GDC and the cathode of 70 wt %La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3 (LSCF; AGC Seimi Chemical)-30 wt %GDC were coated by a similar manner. The interlayer and cathode thin-film layers were sintered sequentially in air for 2 h at 1200°C and for 1 h at 1050°C, respectively. The tube diameter and cathode area after sintering were 2.8 mm and 2.6 cm 2 , respectively. The thickness of anode, electrolyte, interlayer and cathode were 640, 10, 1 and 20¯m, respectively.
The thermodynamic equilibrium compositions in the input of Fuel:H 2 O:N 2 = 0.10:0.03:0.87 mol (Fuel: CH 4 , C 3 H 8 , i-C 4 H 10 and n-C 4 H 10 ) were calculated with HSC Chemistry 5.11 (Outokumpu). The hydrocarbon cracking rates were evaluated with thermogravimetry (TG; Shimadzu TG-8120) at 650°C in 10%Fuel-3% H 2 O-87%N 2 after reduction for 2 h in 10%H 2 -3% H 2 O-87%N 2 . The NiO-GDC microtubes were crushed and sieved to a particle size of 0.851.7 mm before use in TG analyses. The power generation characteristics were evaluated at 650°C with a potentiostat/galvanostat and an impedance analyzer (Solartron Analytical 1470E/1455). First, a mixture of 40%H 2 -3%H 2 O-57%N 2 was supplied to the anode for 2 h at 650°C for reduction treatment. Then, the fuel was changed to 10%Fuel-3%H 2 O-87%N 2 (Fuel: H 2 , C 3 H 8 and n-C 4 H 10 ), and air was supplied to the cathode. The flow rates of fuel and air were set to 100 mL/min. Currentvoltage . After the durability test, the anode microstructure was observed using a field emission-scanning electron microscope (FE-SEM; JEOL JSM-6330F) with an accelerating voltage of 15 kV. Methane is stable at low temperatures. However, propane, i-butane and n-butane can decomposed into methane and solid carbon at low temperatures in the equilibrium. The equilibrium composition in n-C 4 H 10 is almost the same as that in i-C 4 H 10 . Of course, the cracking rates of propane and butane are kinetically slow at low temperatures. It is important to compare the hydrocarbon cracking rate experimentally on Ni-GDC. Figure 2 shows the weight changes of the Ni-GDC evaluated with TG at 650°C in 10%Fuel-3%H 2 O-87%N 2 (Fuel: CH 4 , C 3 H 8 , i-C 4 H 10 and n-C 4 H 10 ) after reduction for 2 h in 10%H 2 -3%H 2 O-87%N 2 . In methane, the weight decreased for 90 min at 650°C. The oxygen partial pressure in methane is lower than that in hydrogen, which promotes the partial reduction of ceria from Ce 4+ to Ce
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3+
. Furthermore, the following reactions expect to be promoted on Ni-GDC in a wet atmosphere, even if hydrocarbon cracking occurs at high temperatures: ðCe,
Thus, carbon oxidation [Eqs. (4) and (5)] and cerium redox [Eqs. (5) and (6)] occur on Ni-GDC in wet hydrocarbons. On the other hand, the weight increased in propane and butane at 650°C. Ceria was expected to be partially reduced due to low oxygen partial pressures in propane and butane as well as methane. However, the weight did not decrease in propane and butane, because the weight increase by hydrocarbon cracking was larger than the weight decrease by ceria reduction. The cracking rate adheres to the following sequence: propane < i-butane < n-butane. The cracking rate became faster, when carbon number was larger and straight chain was longer in hydrocarbon. Figure 3 shows the initial performance of the microtubular SOFCs with the Ni-GDC anode at 650°C in 10%Fuel-3%H 2 O-87%N 2 (Fuel: H 2 , C 3 H 8 and n-C 4 H 10 ). The theoretical electromotive forces (EMFs) are 1.04, 1.14 and 1.14 V in H 2 , C 3 H 8 and n-C 4 H 10 , respectively. The OCV (i = 0) was identical to that of theoretical EMF in each fuel. A maximum power density was 0.25 W/cm 2 at 650°C in hydrogen. However, it decreased to 0.19 W/cm 2 in propane and n-butane. In particular, the slopes of i-V curves were steeper at low current densities, because hydrocarbon reforming was not promoted with an insufficient supply of oxide ions. Although the cracking rate of n-butane was faster than that of propane as shown in Fig. 2 , the initial performance was almost the same under direct propane and n-butane utilization in SOFCs. Figure 4 shows the time course of cell voltage with a current loading of 0.2 A/cm 2 for the microtubular SOFCs with the Ni-GDC anode at 650°C in 10%Fuel-3%H 2 O-87%N 2 (Fuel: H 2 , C 3 H 8 and n-C 4 H 10 ). Stable power generation was possible over a period of 100 h in the all conditions. The voltage slightly decreased with an elapsed time in hydrogen fuel because the coarsening of nickel particles proceeded by discharge in the initial stage. The similar phenomenon was observed in 3%H 2 O humidified hydrogen at 800°C.
22)
23) The nickel coarsening was expected to occur in propane, because the voltage decreasing rate was almost the same as that in hydrogen. However, the voltage in n-butane after 100 h was slightly higher than that in propane. Figure 5 shows the AC impedance spectra of the microtubular SOFC with the Ni-GDC anode at 650°C in 10%Fuel-3%H 2 of the impedance arc at high frequency with real axis, in hydrogen was smaller than those in propane and n-butane, because steam reforming of hydrocarbons is endothermic reaction. The temperature decrease by reforming was estimated to be approximately 15°C from the activation energy of ohmic resistance. 24) On the other hand, the polarization resistances, which were derived from the total diameters of the impedance arcs, in propane and n-butane were larger than that in hydrogen because of adding the hydrocarbon reforming process in the anode. After 100 h, the polarization resistances increased in the all conditions due to nickel coarsening by discharge. However, the ohmic resistance slightly decreased only in n-butane, which might be the reason of higher voltage than propane after 100 h as shown in Fig. 4 .
The anode microstructures were observed with FE-SEM after durability test at 650°C over a period of 100 h in (a) H 2 , (b) C 3 H 8 and (c) n-C 4 H 10 as shown in Fig. 6 . In propane and butane, carbon nanofibers were formed on the Ni-GDC anode after durability test. The amount of deposited carbon in n-butane was more than that in propane. This result agrees with the hydrocarbon cracking rate in Fig. 2 . Graphite has high electrical conductivity, which might be the reason of decrease in the ohmic resistance after 100 h in n-butane as shown in Fig. 5(c) . In comparison with the microstructure in hydrogen, the Ni-GDC anode framework was kept, and no deposited carbon covered on the nickel catalysts after the durability test in propane and n-butane. This result suggests that the reactions (4) and (5) were promoted on the Ni-GDC surface under discharging condition. The carbon deposition can be further prevented at low temperatures below 600°C. 6) It is concluded that the Ni-GDC is one of the desirable anodes for direct propane and butane utilization in SOFCs.
Conclusions
In this study, durability tests were examined in the various hydrocarbon fuels using microtubular SOFCs supported on Ni-GDC anode. The hydrocarbon cracking rate adheres to the following sequence: propane < i-butane < n-butane. Carbon nanofibers were formed on the Ni-GDC anode after durability test over a period of 100 h in propane and n-butane. However, the anode framework was kept, and no deposited carbon covered on the nickel catalysts. Stable power generation was possible over a period of 100 h in propane and n-butane. The Ni-GDC anode has high catalytic activities of hydrocarbon reforming and carbon oxidation under direct propane and butane utilization in SOFCs.
